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ABsTRACT. Rain cracking (hereinafter referred to as macrocracking) severely impacts the production of sweet cherry
(Prunus avium). Calcium (Ca) sprays can reduce macrocracking, but the reported responses to Ca sprays are variable
and inconsistent. The objective of this study was to establish the physiological mechanism through which Ca reduces
macrocracking in sweet cherry fruit. Six spray applications of S0 mM CacCl, had no effect on macrocracking (assessed
using a standardized immersion assay) despite a 28% increase in the Ca-to-dry mass ratio. Similarly, during another
experiment, there was no effect of up to nine Ca sprays on macrocracking, although the Ca-to-dry mass ratio increased
as the number of applications increased. In contrast, CaCl, spray applications during simulated rain (in a fog chamber)
significantly reduced the proportion of macrocracked fruit. Additionally, immersion of fruit in CaCl, decreased macro-
cracking in a concentration-dependent manner. Monitoring macrocrack extension using image analysis revealed that the
rate of macrocrack extension decreased markedly as the CaCl, concentration increased. This effect was significant at
concentrations as low as 1 mM CaCl,. Decreased anthocyanin leakage, decreased epidermal cell wall swelling, and in-
creased fruit skin stiffness and fracture force contributed to the decrease in macrocracking. There was no effect of CaCl,
on the cuticle deposition rate. Our results demonstrated that Ca decreased macrocracking when applied to a wet fruit
surface either by spraying on wet fruit or by incubation in solutions containing CaCl,. Under these circumstances, Ca
had direct access to the cell wall of an extending macrocrack. The mode of action of Ca in reducing macrocracking is

primarily decreasing the rate of crack extension at the tip of a macrocrack.

Rain cracking (hereinafter referred to as macrocracking) limits
sweet cherry (Prunus avium) production in all areas of the world
where rainfall occurs during the harvest season (Christensen
1996; Knoche and Winkler 2017). Exposure to rain compromises
fruit quantity and quality. The quantity is reduced because signifi-
cant fruit macrocracking excludes this fruit from the primary
(fresh) market. The quality is further impaired because of micro-
cracks in the cuticle. This occurs even in fruit that appears visu-
ally perfect (Knoche and Winkler 2017). Both macrocracking
and microcracking facilitate and accelerate infection by fruit-rot
pathogens (Berve et al. 2000). Additionally, transpiration is in-
creased, leading to accelerated loss of firmness and shine and in-
creased shrivel (Knoche and Winkler 2017). Both factors cause
significant loss for the producer, marketer, and consumer.

The mechanism of fruit macrocracking in sweet cherry has
been largely determined during the past decade (Briiggenwirth
and Knoche 2017; Schumann et al. 2019; Winkler et al. 2015,
2016). The so-called Zipper model has replaced the traditional
view that excessive fruit turgor is causal (Winkler et al. 2016).
Based on the Zipper model, cracking is a multistep process that
ultimately causes the skin to “unzip” in a manner analogous to a
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ladder or a “run” in a knitted fabric. Essential steps of the Zipper
process are as follows: (1) cessation of cuticle deposition during
early fruit development and the resulting build-up of cuticular
strain (Knoche et al. 2004); (2) microcracking resulting from ex-
cessive cuticular strain (Peschel and Knoche 2005) and exacer-
bating effects of surface moisture and/or high air humidity
(Knoche and Peschel 2006); (3) localized water uptake through mi-
crocracks (Grimm et al. 2019) and, thus, water penetration into the
outer flesh tissues where the osmotic potential is most negative
(Grimm and Knoche 2015; Grimm et al. 2020); (4) bursting of the
cells of the outer flesh and release into the apoplast of malic acid,
which causes damage to the adjacent cells, thus rendering them
leaky (Winkler et al. 2015); (5) loss of turgor of the skin cells
(caused by leakage and cell bursting and plasmolysis) and the
resulting swelling of their cell walls (Schumann et al. 2019); and
(6) rupture of the stretched skin caused by decreased cell—<ell ad-
hesion, which is associated with cell wall swelling (Briiggenwirth
and Knoche 2017). This sequence of events—a causal chain—is
consistent with all published results to date. It also accounts for the
primary mode of fracture of a stretched skin as being “along” the
cell walls rather than “across” the cell walls (Briiggenwirth and
Knoche 2017). It further explains the occurrence of pectins on the
fracture surface of cracks, which is a consequence of the “along
the cell wall” fracture mode (Bruggenwirth and Knoche 2017;
Schumann et al. 2019).

The options for increasing the consistency of sweet cherry
production by decreasing fruit cracking are currently limited.
Rain shelters remain the most reliable means of reducing/avoiding
fruit cracking (Berve and Meland 1998). Rain shelters are effective
because accumulations of surface moisture are largely prevented.
Under most conditions, fruit macrocracking can be eliminated or
at least markedly reduced by a rain shelter. Even under a rain
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shelter, an extended period of rainfall will occasionally result in a
significant incidence of macrocracking. Based on the Zipper
model, a rain shelter protects from macrocracking by reducing
the formation of microcracks and preventing localized water up-
take and, hence, cell bursting and leakage of malic acid into the
cell wall space. Rain shelters have become standard in newly es-
tablished orchards in regions with high incidences of rainfall dur-
ing the harvest period in nations where their high capital cost is
economic.

A second measure for decreasing macrocracking, and one
that is frequently mentioned in the scientific literature, is the
spray application of calcium (Ca). Numerous studies of the ef-
fects on macrocracking of spray applications of Ca salts have
been performed [for a recent review, see Winkler and Knoche
(2019)]. Unfortunately, the effects reported are variable and in-
consistent. In only a few cases, the Ca content of the fruit was
determined. Thus, it remains unclear whether sprays increased
the Ca content of fruits. This would be a prerequisite for Ca ac-
tion on fruit cracking because osmotic effects of Ca salts are
rather unlikely (Winkler and Knoche 2019). A lack of significant
Ca uptake could account for the lack of the effect of Ca on
cracking. A lack of Ca penetration would not be surprising be-
cause Ca is a poor penetrant of the cuticle (Winkler and Knoche
2021b). The reason for this is because the Ca cation is divalent,
carrying two positive charges, whereas the cuticle is a polyelec-
trolyte (Schonherr and Bukovac 1973). The resulting Donnan
exclusion will hinder penetration. Experimental studies of Ca
uptake have demonstrated that Ca uptake into sweet cherry fruit
and into the fruit of many other crops is low and largely indepen-
dent of the accompanying anions and the presence/absence of
various surfactants (Schlegel and Schonherr 2002; Winkler and
Knoche 2021a, 2021b). Despite the numerous studies of spray
applications of Ca in sweet cherry [for an extensive compilation,
see Winkler and Knoche (2019)], their presumed mode of action
in decreasing macrocracking remains unclear.

The objective of this study was to establish the physiological
mechanism through which Ca reduces macrocracking in sweet
cherry fruit. First, we quantified the effects of CaCl, on macro-
cracking after spray applications and immersion assays. Second,
we identified the basis of the effects of CaCl, on selected steps
of the Zipper model. We focused on CaCl, because previous
studies revealed that the partner anions have little effect on cutic-
ular Ca uptake (Winkler and Knoche 2021a).

Materials and Methods

Plant materials

Sweet cherry fruit (Prunus avium) from the cultivars Burlat,
Early Korvik, Gill Peck, Kordia, Merchant, Regina, Sam, and
Staccato were sampled from greenhouse-grown or field-grown
trees grafted on ‘Gisela 5’ rootstocks (P. cerasus x P. canescens)
at the Horticultural Research Station of the Leibniz University in
Ruthe, Germany (lat. 52°14'N, long. 9°49’E), or in a commercial
sweet cherry orchard in Ohndorf, Germany (lat. 52°21’N, long.
9°21’E). All fruit from the field were grown under a rain shelter.
An exception was fruit from the cultivar Sweetheart and the
breeding clone SPC 232, which were sampled from potted trees
grafted on Gisela 3 rootstocks and grown under a rain shelter at
the Herrenhausen Campus of the Leibniz University in Hannover
(lat. 52°27'N, long. 09°84’E). Fruit were cultivated according to
current European regulations for integrated fruit production (Cross
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2002; Damos et al. 2015). Only fruit free from visual defects were
used for the experiments. All fruit were carefully picked by hand
in the early morning hours, placed individually in a plastic crate on
soft cellular foam, covered with tissue paper, brought to the labora-
tory, and either processed on the same day or held at 4 °C for no
longer than 24 h.

Establishing the effect of Ca on macrocracking susceptibility

SPRAY APPLICATIONS OF CA UNDER A RAIN SHELTER—NO RAIN.
Two experiments were conducted to establish the effects of spray
applications of CaCl, on macrocracking susceptibility. During the
first experiment, field-grown and rain-sheltered ‘Regina’ trees
were sprayed weekly to runoff with 50 mM CaCl,, starting 24 d
after full bloom (DAFB). Preliminary experiments established that
this was the maximum CaCl, concentration beyond which visible
signs of phytotoxicity occurred. A total of nine sprays were applied
until maturity. Unsprayed trees served as the control. Each treat-
ment consisted of three blocks of three trees each. There was a
minimum of one buffer tree between blocks.

During the second experiment, ‘Kordia’ trees grown under a
rain shelter were used to investigate the effects of the frequency of
50 mM CaCl, or 50 mM Ca formate spray applications. The sur-
factant Glucopon 215 UP (BASF, Ludwigshafen, Germany) was
added at a concentration of 0.2 g-L™". The number of sprays was
varied by beginning the weekly spray applications at 7 weeks,
5 weeks, 3 weeks, or 1 week before harvest. The corresponding
numbers of sprays were six, four, two, or one. Unsprayed trees
served as the control. Each treatment consisted of three blocks
of three trees each, with a buffer tree between blocks. Fruit were
sampled at full maturity, selected for uniformity based on color
and size, and used for a standardized macrocracking test and
Ca analysis.

The macrocracking susceptibility was quantified during both
experiments (Weichert et al. 2004; Winkler et al. 2015, 2016).
Briefly, two groups of 25 fruit each were incubated at ambient
temperature (22 °C) in deionized water, removed from water at
regular time intervals, and checked for macroscopic cracks by
the naked eye. Uncracked fruit were re-incubated and macro-
cracked fruit were discarded. Water uptake was also determined
during a separate experiment using fruit from the same batch.
For this experiment, fruit were weighed, incubated individually
in deionized water, removed after 45 and 90 min, blotted care-
fully with tissue paper, re-weighed, and re-incubated. The
rate of water uptake was calculated as the slope of a linear re-
gression fitted through a plot of cumulative fruit mass versus
time on an individual fruit basis. Fruits that cracked during
the experiment were discarded. The minimum number of rep-
lications remaining was nine. Sigmoidal regression models
were fitted through plots of the percentage of fruit cracking
versus time. Based on the regression equations, the time until
50% of the fruit had cracked (Tsq in h) was calculated. Multi-
plying the Tsqo by the rate of water uptake yielded the amount
of water uptake required for 50% of the fruit to crack (WUsy
in mg) (Winkler et al. 2015).

To ascertain whether CaCl, sprays increased the fruit Ca con-
tent, the Ca-to-dry mass ratio was quantified during the imma-
ture stage (early stage III, 60 DAFB, six sprays, ‘Regina’ only)
and at the mature stage [nine sprays, ‘Regina’ (81 DAFB), six
sprays, ‘Kordia’ (69 DAFB)] as previously described (Winkler
and Knoche 2021a; Winkler et al. 2020a). The pedicels were re-
moved by cutting flush with the receptacle. Fruits were rinsed
three times for 10 s in 10 mM citric acid to remove any adhering
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Ca residues; then, they were frozen, crushed, de-pitted, lyophilized,
and subsequently dried at 103 °C for a minimum of 3 d. The dried
tissue was ground (MM 400; Retsch, Haan, Germany). An aliquot
of 1 g was re-dried to a constant mass at 103°C for 3 to 4 d. A
sample of 100 mg of the dried powder was ashed in a muffle
furnace (L24/11/B180; Nabertherm, Lilienthal, Germany) at
500 °C. Samples not properly ashed were re-wetted with 200 L
of 1 M HCI and re-ashed using the same settings. The ash was
taken up with 2 mL of 1 M HCI and 8 mL deionized water and
filtered (MN 640 M; Macherey-Nagel, Dueren, Germany). The
filtrate was diluted with deionized water such that the final Ca
concentration was inside the measuring window of 0 to 4 mg-L ™"
Samples were analyzed using an atomic absorption spectrometer
(AAnalyst 300; Perkin Elmer, Waltham, MA, USA) equipped
with a Ca lumina hollow cathode lamp (wavelength, 422.7 nm;
slit width, 0.7 nm) using an air—acetylene flame. To eliminate the
interference of Ca by phosphorous (P), lanthanum chloride was
added to the solution at a concentration of 1% (Fishman and
Downs 1966). Each treatment included 20 fruit per biological
replicate, three biological replicates, and two or three technical
replications.

SPRAY APPLICATIONS OF CA IN A FOG GREENHOUSE. The effect
of spray applications of CaCl, at 50 mM during simulated rain
was investigated in a fog greenhouse using ‘Sweetheart’ and
‘SPC 232’ sweet cherry (Winkler et al. 2020b). Deionized water
was applied by a high-pressure pump (SS1B1511; S. Ilario d’Enza,
Italy; operated at 10 MPa) and injected through nozzles into a
closed fog greenhouse. A dense standing fog was established,
which settled on the leaves and fruit and formed a continuous wa-
ter film on all surfaces. The system was operated intermittently for
5 s every 2 min on 2 consecutive days for 8 h per day. CaCl, solu-
tion was applied using a hand sprayer, directly before fogging, dur-
ing fogging either every hour (‘Sweetheart’) or during fogging
every 2 h (‘SPC 232°). The day after fogging ended, all fruit on
each tree were harvested. The total number of fruit and that of
cracked fruit per tree were recorded, and the percentages of
cracked fruit were calculated. Each treatment comprised five trees
equivalent to five replicates.

IMMERSION APPLICATIONS OF CA IN THE LABORATORY. For the
immersion assays, mature ‘Burlat’ and ‘Early Korvik’ fruit were
sampled in the field. The pedicel was cut to a length of approxi-
mately 5 mm, and the pedicel end and pedicel cavity were sealed
using silicone rubber (RTV 3140; Dow Corning, Midland, MI,
USA). This procedure restricted water uptake to the fruit surface
(Beyer et al. 2002). The silicone was allowed to cure overnight
in a cooling chamber at 2 °C. Following equilibration to ambient
temperature the next morning (22 °C), fruit were incubated in 0,
1, 3, 10, 30, or 100 mM CaCl,. Cracking and water uptake were
both determined using two replicates of 25 fruit each, and the
Tso and WUs were calculated as described.

Identifying the mechanistic basis of Ca action

EFFECT OF CA ON CUTICULAR MEMBRANE DEPOSITION. To iden-
tify any effects of CaCl, sprays on the rate of cuticular mem-
brane (CM) deposition, cuticles were sourced from ‘Regina’
fruit (obtained from the spray application experiment described).
Fruit were sampled at the immature stage (early stage III,
60 DAFB, six sprays of 50 mM CaCl,) and the mature stage
(81 DAFB, following nine sprays of 50 mM CaCl,). Epidermal
segments were excised from the fruit cheek in the equatorial re-
gion using a biopsy punch (diameter, 8 mm). The epidermal
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segments comprised the cuticle, epidermis, hypodermis, and
some adhering flesh. The epidermal segments were incubated in
50 mM citric acid buffer (at lpH 4, adjusted using NaOH) con-
taining pectinase (90 mL-L™"; Panzym Super E flussig; Novo-
zymes A/S, Krogshgjvej, Bagsvaerd, Denmark) and cellulase
(5 m-L™"; Cellubrix L; Novozymes A/S) (Fishman and Downs
1966; Winkler et al. 2020a) at 22°C. To inhibit microbial
growth, NaN; was added at a final concentration of 30 mM.
After the CM had separated from the flesh, it was carefully
cleaned using a soft camel hair brush and thoroughly rinsed in
deionized water. The isolated CMs were transferred onto polyte-
trafluoroethylene discs for drying, held above dry silica gel for a
minimum of 24 h, and then weighed. Subsequently, the CMs were
dewaxed using a chloroform:methanol (1:1 volume:volume) mix-
ture. The dewaxed CMs (DCMs) that were obtained were trans-
ferred onto polytetrafluoroethylene discs for drying and held above
dry silica gel before they were weighed. The CM mass per unit
area was calculated by dividing mass by the original area of the
8-mm disc that was excised (50.3 mm?). A gravimetric thickness
was calculated by dividing the mass per unit area by the density of
the CM (1200 kg-m ) or that of the DCM (1190 kg-m ) (Petra-
cek and Bukovac 1995).

MICROCRACKS IN THE cUTICLE. The effect of CaCl, on the for-
mation of microcracks in the cuticle in the stylar region of ma-
ture ‘Sweetheart” sweet cherry fruit was established. First, fruit
were inspected for microcracks after immersion of the stylar scar
region in a solution containing the fluorescent tracer acridine or-
ange at a concentration of 0.1% (weight/volume) for 10 min.
Thereafter, the fruit were rinsed with deionized water, carefully
blotted using tissue paper, and inspected under incident fluores-
cent light of a binocular microscope (MZ10F with filter GFP plus
excitation wavelength of 440-480 nm and emission wavelength of
510 nm; Leica Microsystems, Wetzlar, Germany). Calibrated digi-
tal photographs of a rectangular area with a size of 8.8 x 6.6 mm
with the stylar scar in the center were obtained. The fluorescing
area, the number of microcracks in the microscope window, their
mean length, and their cumulative length were quantified using
image analysis (cellSens Dimension 1.7.1; Olympus, Hamburg,
Germany). This procedure established the extent of microcrack-
ing at the beginning of the experiment. Thereafter, microcracks
were induced by incubating fruit for 2, 4, 8, and 24 h in 50 mM
CaCl, or in deionized water as a control at 22 °C. At the end of
the induction period, fruit were removed from solution, blotted
dry, and re-assessed for the extent of microcracking in the stylar
scar region as described. Because of the massive amounts of
macrocracking, the fruit incubated for 24 h in water could not
be assessed. There was no macrocracking of fruit incubated in
CacCl,. This procedure allowed calculation of the changes in the
fluorescing area, in the number of microcracks per fruit in the
stylar region, in the cumulative crack length, and in the length
per microcrack on an individual fruit basis. The minimum num-
ber of individual fruit replicates was seven. Fruit that cracked
macroscopically were discarded.

MEMBRANE LEAKAGE. The effect of CaCl, on membrane in-
tegrity was indexed by quantifying the anthocyanin efflux from
flesh discs excised from mature ‘Sweetheart’ fruit in the pres-
ence and absence of malic acid (Winkler et al. 2015). Anthocya-
nins are localized in the vacuole, and leakage of anthocyanin
into the incubation solution implies a damaged plasma mem-
brane and tonoplast. Flesh discs (diameter, 8 mm; thickness,
2 mm; three discs per replicate; n = 10) were excised from the
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cheek of a fruit using a biopsy punch and parallel razor blades
(2-mm distance between blades). Discs were blotted, rinsed with
isotonic sucrose solution, blotted again, and incubated in 0, 1, 3,
10, 50, or 100 mM CaCl, with or without 70 mM malic acid at
22°C. All solutions were adjusted to isotonicity using sucrose to
prevent bursting of cells caused by water uptake during incubation.
After 8 h, discs were removed from solution, and the incubation
solution was sampled to determine anthocyanin concentration.
Malic acid at 70 mM was added to those solutions that had no ma-
lic acid during incubation. This was necessary to correct for any
differences in malic acid and, hence, solution pH because the ab-
sorption spectrum of anthocyanin depends on pH (Stavenga et al.
2021). The absorption was determined at 520 nm using a spectro-
photometer (Specord 210; Analytik Jena, Jena, Germany). Prelimi-
nary experiments established that this wavelength corresponded to
the absorption maximum of anthocyanin in sweet cherries.

MACROCRACK ELONGATION. Elongation of macrocracks (mac-
roscopically visible skin cracks) was quantified for ‘Burlat’,
‘Early Korvik’, ‘Gill Peck’, ‘Kordia’, ‘Merchant’, and ‘Sam’
sweet cherry using the procedure of Schumann et al. (2019). Fruit
pedicels were cut to a length of 5 mm. To induce initial macro-
cracking, fruit were incubated in deionized water at 22°C and
checked repeatedly for macrocracks in the stylar scar region. Fruit
that had developed macrocracks with a length of approximately
4 mm in the stylar scar region were selected for the experiment.
Groups of six fruit were attached individually to a plexiglass plate
using a fast-curing silicone rubber (Dowsil SE 9186 Sealant; Dow
Corning) such that the stylar scar faced upward. The plate was po-
sitioned in a polyethylene box on two custom-built camera stands,
each equipped with four digital cameras (WG-20; Ricoh, Tokyo,
Japan) so that each camera viewed one polyethylene box contain-
ing six fruit. The incubation solution was held at 22 °C using a
thermostat (RC6 CS; Lauda Dr. R. Wobser; Lauda-Konigshofen;
Germany). The cameras were set in time-lapse mode, and images
were recorded every 2 h. This setup allowed the monitoring of
macrocrack elongation on an individual fruit basis. The macro-
crack length was quantified using an image analysis (cellSens
Dimension 1.7.1; Olympus). To minimize errors caused by curva-
ture of the fruit surface, measurements were restricted to a circular
area of with a diameter of 15 mm around the stylar scar. The initial
rate of macrocrack extension was calculated on an individual fruit
basis for the time interval up to 2 h of incubation. Using this setup,
the macrocrack extension rate response to the Ca concentration
was determined for 0, 1, 3, 10, 50, and 100 mM CaCl, in ‘Early
Korvik’ and ‘Sam’ sweet cherries. Additionally, the initial crack
extension rate was compared in the presence and absence of
50 mM CaCl, in ‘Burlat’, ‘Early Korvik’, ‘Gill Peck’, ‘Kordia’,
‘Merchant’, and ‘Sam’ fruit. The number of individual fruit repli-
cates was 12.

CeLL WALL SWELLING. Cell wall swelling in the presence and
absence of CaCl, and malic acid was studied (Schumann and
Knoche 2020). The epidermal segments were excised from the
cheek, carefully blotted using soft tissue paper, placed on a
microscope slide, and subjected to the following experiments:
(1) experiment 1, 0, 50, or 100 mM CaCl,; (2) experiment 2: 0,
50, or 100 mM malic acid; and (3) experiment 3: 25 mM CaCl,
plus 25 mM malic acid or 25 mM CacCl, plus 50 mM malic acid
or 50 mM CaCl, plus 25 mM malic acid. A droplet of one of
these solutions was applied to an epidermal segment on the mi-
croscope slide. All experiments were conducted at 22 °C. Imme-
diately after droplet application, the epidermal segments were
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viewed at x40 (BX60; Olympus). Calibrated images were ob-
tained (DP73; Olympus). The thickness of the anticlinal walls
between two living cells was quantified using an image analysis
(cellSense Dimensions 1.7.1; Olympus). The epidermal seg-
ments were frozen in the incubation solution at —20 °C, followed
by 48-h equilibration at 22°C. The freezing step was necessary
to remove turgor. After freezing, the epidermal segments were re-
inspected as described. The thickness of the anticlinal cells walls
between two adjacent dead cells was also quantified. A total of 10
epidermal segments were prepared from 10 fruit per treatment, and
two micrographs were taken per epidermal segment. Two cell
walls were measured per micrograph, such that the total number of
cell walls investigated was 40 per treatment. The increase in swell-
ing of the cell walls (Athickness) after turgor removal was calcu-
lated by subtracting the cell wall thickness immediately after
excision from that after the freeze—thaw cycle.

MECHANICAL PROPERTIES OF THE FRUIT SKIN. A biaxial tensile
test mimics the stress—strain relationships of fruit skin samples
experienced during growth and during water uptake (Briiggen-
wirth et al. 2014). The effects of CaCl, on cell wall swelling and
mechanical properties of excised fruit skins of ‘Burlat’ sweet
cherry were investigated. Cell wall swelling was determined as
described. The treatment solutions were 0, 1, 3, 10, 30, or 100 mM
CaCl,, and all were buffered with 10 mM 2-(N-morpholino)etha-
nesulfonic acid. The pH was adjusted to 5.8 using KOH. After ter-
mination of the 16-h incubation period at 22 °C, the epidermal
segments were transferred to a microscope slide on the stage of the
microscope (BX60; Olympus). Cell wall swelling was determined
before and after a freeze—thaw cycle.

To determine the mechanical properties of the skin, a washer
(inner diameter, 12 mm) was glued to one of the two shoulders
of a sweet cherry using cyanoacrylate adhesive (Loctite 4006;
Henkel/Loctite Deutschland, Munich, Germany). After curing, a
skin segment was excised by cutting horizontally underneath the
washer using a razor blade. Using this procedure, a skin segment
was obtained and held in the washer that maintained the in vivo
strain of the fruit skin (Knoche and Peschel 2006). The segments
were incubated for 16 h at 22 °C in the aforementioned treatment
solutions, rinsed with deionized water, and mounted in a custom-
made elastometer (Bruggenwirth et al. 2014). The elastometer
comprised a custom-made plexiglass chamber that was filled
with silicone oil (Wacker AK10; Wacker Chemie, Munich,
Germany). The skin segments with the washer were mounted in
the lid of the plexiglass chamber. After the removal of air bub-
bles, a motorized piston was driven into the chamber. The piston
displaced the oil, reduced the volume of the chamber, and caused
the skin segment to bulge. During this process, the pressure in-
side the container (pressure sensor type 40PC100G; Honeywell
International, Morristown, NY, USA) and the extent of bulging
(force transducer KAP-S/5N; AST Angewandte System Technik,
Wolnzach, Germany; mounted in a BXC-FR2.5TN material test-
ing machine; Zwick, Ulm, Germany) were monitored. The mate-
rial testing machine was programmed such that the transducer
probe touched the fruit skin with an initial force of 0.05 N. The
increases in bulging and pressure inside the chamber were moni-
tored until the skin fractured. The number of replicates was 12.
The pressure at fracture and corresponding strain at fracture are
referred to as fracture pressure (Pgacture, KPa) and fracture strain
(Efractures mm2~mm72). The fracture strain was calculated assum-
ing a spherical shape of the bulging skin segment (Briiggenwirth
et al. 2014). The modulus of elasticity (E) is a measure of the
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stiffness of the fruit skin and was calculated according to the
following:
pErE(rt + h?)

h3 * t* 2

In this equation, » (mm) is the radius of the washer orifice,
p (MPa) is the pressure, 2 (mm) is the height of the bulging
skin segment, and ¢ is the thickness of the load-bearing layer
(t = 0.1 mm) (Briggenwirth et al. 2014).

After fracture, the fracture surfaces were inspected using mi-
croscopy (BX60; Olympus). The total number of cells along a
length of fracture and the number of occasions when these cells
separated along their cells walls or across their cell walls were
counted. The number of replicates was 12.

Data aNALYSES. Data in Figs. 1-5 and 7-9 are presented as
means + SE. The only exception is in Fig. 6, where individual
replicates are shown. When error bars are not visible in a graph,
they are smaller than the plotted symbols. Data were examined by
correlation analyses, regression analyses, analyses of variance and
Tukey’s Studentized 7 test and range test at P = 0.05 using Sigma-
Plot (SigmaPlot 12.5; Systat Software, San Jose, CA, USA), R (R
version 3.6.3; R Foundation for Statistical Computing, Vienna,
Austria), or SAS (version 9.4; SAS Institute, Cary, NC, USA).

E:

Results

The effect of Ca on cracking susceptibility

SPRAY APPLICATIONS OF CA UNDER A RAIN SHELTER: NO RAIN.
Nine CaCl, sprays at 50 mM had no effect on fruit cracking as
compared with the unsprayed control (Fig. 1). In both the treat-
ment and control groups, the percentage of cracked fruit in-
creased in a sigmoidal pattern (Fig. 1). There was no difference
in the percentage of cracked fruit between fruit that had been
sprayed nine times with CaCl, and the unsprayed control fruit.
This lack of response occurred despite a 28% increase in the
Ca-to-dry mass ratio (Table 1).

Increasing the frequency of CaCl, sprays in the field in-
creased the Ca-to-dry mass ratio up to two applications; further

100

~
($)]
L

(&)
o

e Control

Cracked fruit (%)

25 b o CaCl,
O E 1 1 1
0 6 12 18 24
Time (h)

Fig. 1. Time course of cracking of ‘Regina’ sweet cherry fruit after the appli-
cation of nine sprays of CaCl, at 50 mM. Unsprayed fruit served as control.
Fruit was harvested at commercial maturity and incubated in deionized
water to induce cracking.
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Table 1. Effect of weekly applications of 50 mM CaCl, on the
amount of calcium (Ca) per fruit and the Ca-to-dry mass ratio of
early stage III and mature stage III ‘Regina’ sweet cherry fruit.
The early stage III sweet cherry fruit received six Ca applica-
tions and the mature stage III fruit received nine applications.
Unsprayed fruit served as control.

Ca/dry mass ratio

Total Ca (mg per fruit) (mg-g~' DM)
Early Mature Early Mature
Treatment stage II1 stage II1 stage 111 stage 111
Control 1.02+0.03 123 +£0.06 1.16+0.06 0.65+0.02
CaCl, 1.28 £ 0.07* 1.45 + 0.06* 1.27 +0.05 0.83 + 0.03*

Data are presented as mean + SE.
*Significant difference compared with the control and Studentized ¢
test (P = 0.05).

applications had no significant effect (Fig. 2A). There was a
slight decrease in the cumulative water uptake or rate of water
uptake (Fig. 2B). This decrease was significant for one, four, and
six applications. Spray applications of Ca formate had similar ef-
fects. There was little effect of the frequency of spray applica-
tions on the amount of fruit cracking (Fig. 2C). Essentially all
fruit cracked rapidly and completely within 12 h when incubated
in deionized water. There was only a small and inconsistent ef-
fect of the number of Ca applications on the Tsy and the WUsy,
(Fig. 2C-F). The T5o and WUs increased from zero to two ap-
plications; however, with four or six applications, the effect was
not significant. There was no difference in the Tsq with CaCl,
and that with Ca formate (Fig. 2D). The WUs, was significantly
higher for Ca formate than for CaCl, (Fig. 2F). The relationship
between the Tso and Cato-dry mass ratio (r = 0.66*) was weak,
and that between the WUs( and Ca-to-dry mass ratio (r = 0.26)
was not significant (Fig. 3).

SPRAY APPLICATIONS OF CA IN A FOG GREENHOUSE. Spray ap-
plications of CaCl, during simulated rain significantly decreased
fruit cracking of both cultivars (Table 2). Fruit from ‘SPC 232’
was more susceptible to cracking than that from ‘Sweetheart’.

IMMERSION APPLICATIONS OF CA IN THE LABORATORY. Water
uptake increased linearly with time; there was no effect of CaCl,
on the rate of water uptake in ‘Kordia’ and only a slight decrease
in that rate in ‘Burlat’ (Fig. 4A and B). The percentage of
cracked fruit increased with time (Fig. 4C) and with water up-
take (Fig. 4E), but at a lower rate with CaCl, in the incubation
solution. Expressing the Ts, and WUs, as functions of the CaCl,
concentration revealed biphasic relationships with breakpoints at
approximately 10 mM CaCl,. At concentrations exceeding this
threshold, the Tsy and WUs increased. In ‘Kordia’, at 10 mM
CaCl, or lower, the T5y and WUs5, were independent of the
CaCl, concentration, whereas in ‘Burlat’, even 1 mM CacCl, in-
creased the Tsy and WUs, approximately three-fold (Fig. 4D
and F).

Identifying the mechanistic basis of Ca action

Errect OF CA ON CUTICULAR MEMBRANE DEPOSITION. Spray
applications of Ca had no effects on the mass per unit area of the
CM or DCM. These null effects occurred at the immature stage
after six applications of CaCl, and at the mature stage after nine
CaCl, applications (Table 3). The CM and DCM were both
thicker during the immature stage than during the mature stage.
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Fig. 2. Effect of the frequency of sprays of CaCl, and Ca formate on the Ca-to-dry mass ratio, water uptake, Ca uptake, and fruit cracking. Effect of the fre-
quency on the Ca-to-dry mass ratio of ‘Kordia’ sweet cherry fruit (A) on the time course of water uptake (B, inset) and rate of water uptake (B, main
graph). (C) Time-course of cracking of fruit that was sprayed up to six times with CaCl,. To induce cracking, the fruit was incubated in deionized water.
(D) Time to 50% cracking (Tso) of fruit that was sprayed with CaCl, and Ca formate up to six times. (E) Fruit cracking as affected by the amount of water
taken up. (F) Amount of water uptake at 50% cracking (WUjs) of fruit that was sprayed up to six times with CaCl, and Ca formate. A two-factorial analy-
sis of variance revealed significant main effects for the frequency of application (rate of water uptake, Tsq) and salt (Ca-to-dry mass ratio, rate of water
uptake, Tso, and WUsg). The interactions of frequency of application and salt were not significant. Means followed by the same lowercase letter do not

differ significantly according to Tukey’s Studentized range test (P = 0.05).

MICROCRACKS IN THE cUTICLE. All fruit used in the experi-
ment showed significant and highly variable microcracking
around the stylar scar (as indexed by the area infiltrated with ac-
ridine orange) (Fig. SA-D). Typically, microcracks that occurred
were oriented tangentially relative to the stylar scar. Microcrack-
ing (as indexed by the area infiltrated with acridine orange) in-
creased as incubation times increased when fruit was incubated
in deionized water, but not when incubated in CaCl,. Fruit incu-
bated in water had cracked extensively within 24 h; therefore,
microcracking could not be analyzed. In contrast, fruit incubated
in CaCl, remained intact even after 24 h, with no significant in-
creases in the area infiltrated with acridine orange (Fig. 5).

Cumulative crack length, mean length per microcrack, and
the number of microcracks were all highly variable, irrespective
of incubation time and incubation solution (Fig. 6A, C, and E).
However, a regression analysis revealed that the cumulative
crack length, mean length per microcrack, and number of
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microcracks before and after incubation were closely signifi-
cantly related. Furthermore, calculating the increase in cumula-
tive crack length, mean length per microcrack, and number of
microcracks revealed that the increase in the cumulative micro-
crack length was markedly lower in the presence of CaCl, as
compared with deionized water (Fig. 6B). The effect of CaCl,
resulted primarily from a nearly constant length of microcracks,
whereas the length of microcracks markedly increased during
incubation in deionized water (Fig. 6D). Apparently, CaCl, in-
hibited the extension of microcracks that occurred in water.
There was no difference in the increase in the number of micro-
cracks between CaCl, and water (Fig. 6F).

MEMBRANE LEAKAGE. Increasing CaCl, concentrations had a
small, albeit significant, effect on anthocyanin leakage in the ab-
sence of malic acid. However, when simulating cell bursting by
incubating in malic acid, CaCl, decreased anthocyanin leakage
in a concentration-dependent manner. In the absence of CaCl,,

J. AMER. Soc. Hort. Sc1. 149(2):61-74. 2024.
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Fig. 3. Relationship between the time to 50% cracking (Tso) (A) or the
amount of water needed for 50% cracking (WUso) (B) and the Ca-to-dry
mass ratio of ‘Kordia’ sweet cherry fruit. The Ca-to-dry mass ratio varied
with up to six sprays of CaCl, or Ca formate.

anthocyanin leakage was markedly increased by malic acid. As
the CaCl, concentration was increased, anthocyanin leakage
markedly decreased, indicating that CaCl, opposed the effect of
malic acid (Fig. 7).

MACROCRACK ELONGATION. When fruit with short macro-
cracks was incubated in water or CaCl,, crack extension was ini-
tially rapid, but then it slowed significantly, as indexed by the

Table 2. Effect of spray applications of CaCl, at 50 mM during simu-
lated rain on the percentage of cracked sweet cherry fruit. Potted
trees were exposed to simulated rain for 8 h on two consecutive
days and sprayed with 50 mM CaCl, before the rain began in the
morning, every 2 h (SPC 232) and every 1 h (Sweetheart) during
the rain, and immediately after the rain was switched off.

Cracked fruit (% of total)

Treatment SPC 232 Sweetheart Mean yigivar
Control 56.1 +£ 5.7 20.9 £ 6.9 385+72a
CaCl, 38.6 £ 6.0 82 +3.1 234+60D
Meaneament 474 +£49a 145+4.1b

' A two-factorial analysis of variance revealed significant main effects
for cultivar and treatment solution; the interaction was not significant.
Mean separation within main effects by Tukey’s Studentized range test
(P = 0.05).

Data are presented as mean + SE.

J. AMER. Soc. Hort. Sc1. 149(2):61-74. 2024.

decrease in slope. The crack length reached 90% of the maxi-
mum length within 12 h (Fig. 8A and B). When incubated in
CaCl,, the initial rate of macrocrack extension was inversely re-
lated to the CaCl, concentration. Even low concentrations of
CaCl, (1, 3, and 10 mM) were highly effective in decreasing the
initial rate of macrocrack extension. Higher CaCl, concentra-
tions resulted in little additional effects (Fig. 8C). The re-
sponse of the initial rate of crack extension to different CaCl,
concentrations did not differ between the two cultivars exam-
ined. The decrease in the initial rate of crack extension
caused by CaCl, was consistent and significant in all six cul-
tivars investigated (Table 4).

CELL WALL SWELLING. Releasing the turgor by a freeze—
thaw cycle resulted in significant cell wall swelling. The in-
crease in swelling was lower in the presence of CaCl, than in
its absence (Table 5). In contrast, malic acid markedly in-
creased cell wall swelling as compared with the water con-
trol. Cell walls swelled more with 100 mM malic acid than
with 50 mM. Combining CaCl, and malic acid revealed that
CaCl, partly offsets the increase in swelling caused by malic
acid (Table 5).

MECHANICAL PROPERTIES OF THE FRUIT SKIN. Incubating skin
segments in CaCl, had no effect on cell wall thickness when
epidermal cells were turgid. However, CaCl, at concentra-
tions up to 3 mM markedly decreased cell wall swelling
when cells were flaccid after turgor had been eliminated by a
freeze—thaw cycle. Higher concentrations of CaCl, had no
additional effect on decreasing cell wall swelling (Fig. 9A).
The cell wall’s modulus of elasticity increased up to 3 mM
CaCl, and the fracture pressure increased up to 100 mM (Fig.
9B and C). There was no significant effect on the strain at
fracture (Fig. 9C, inset). CaCl, also affected the fracture
mode. Increasing the concentrations of CaCl, decreased the
percentage of occasions when cells separated along the cell
walls (cell—cell separation along the middle lamella) and in-
creased the percentage of occasions when cells separated
across cell walls (cell walls fractured) (Fig. 9D).

Discussion
Our study resulted in several important findings:

1. CaCl, had no effect on cracking when applied as a
spray on a dry fruit surface but decreased cracking
when sprayed on a wet surface or when applied in an
immersion assay.

2. CaCl, significantly decreased the extension of micro-
cracks and macrocracks. This was probably a result of re-
duced cell wall swelling, decreased membrane leakage in
the presence of malic acid, and improved mechanical
properties of the fruit skin. CaCl, did not increase cuticle
deposition.

Ca reduces cracking on wet, but not on dry, fruit surfaces
Sprays are typically applied during dry periods on dry surfa-
ces, but not during rain on wet surfaces. Our results demon-
strated that repeated spray applications of CaCl, on dry fruit
surfaces increased the Ca-to-dry mass ratio of the fruit by up to
83% compared with the unsprayed control. However, CaCl,
sprays had no significant effect on cracking susceptibility, as as-
sessed by an immersion assay (Fig. 1 for ‘Regina’; Fig. 2 for
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Fig. 4. Effect of the concentration of CaCl, in the incubation solution on water uptake and cracking of ‘Burlat’ and ‘Kordia’ sweet cherry fruit. (A) Time
course of water uptake. (B) Rate of water uptake as a function of the concentration of CaCl,. (C) Time course of cracking. (D) Time to 50% cracking (Tsg)
as a function of the concentration of CaCl,. (E) Fruit cracking as a function of the amount of water taken up. (F) Water uptake needed for 50% cracking
(WUsy) as a function of the concentration of CaCl,. Dashed horizontal lines in C and E indicate Tso (C) and WUsq (E) of the controls. In A, C, and E, only
data from ‘Burlat’ are shown.

‘Kordia’). This observation confirmed the results of the studies Knoche (2019)]. During two independent experiments, our study
that found no effects of in vivo CaCl, sprays on reducing crack- found no CaCl, effect on cracking despite a significant increase
ing but did find that cracking was reduced by in vitro incubation in the fruit Ca content and, hence, the Ca-to-dry mass ratio.
in solutions containing Ca ions [see compilation by Winkler and However, when CaCl, was applied to fruit in the process of

Table 3. Effect of weekly applications of 50 mM CaCl, on the mass per unit area of the cuticular membrane (CM) and the dewaxed CM
(DCM) of early stage 11l and mature stage III ‘Regina’ sweet cherry. The early stage III sweet cherry fruit received six applications and
the mature stage III fruit received nine applications. CM and DCM from unsprayed fruit served as control.

Mass (g-m %)
CM DCM
Early Mature Early Mature
Treatment stage 111 stage II1 stage II1 stage 111
Control 1.56 + 0.02' (1.30 = 0.02)" 1.34 + 0.02 (1.12 + 0.02) 1.16 + 0.02 (0.97 + 0.01) 1.02 + 0.02 (0.85 + 0.02)
CaCl, 1.49 £ 0.02 (1.24 + 0.02) 1.34 £ 0.02 (1.12 £ 0.02) 1.10 £ 0.02 (0.93 + 0.01) 1.00 + 0.02 (0.84 £+ 0.02)

' Data are presented as mean + SE. There are no statistical differences between the CaCl, and control treatments. Student’s ¢ test (P =< 0.05).
" Numbers in parentheses represent the gravimetric thicknesses calculated from the mass per unit area and a densities of the CM of 1200 kg-m™
and DCM of 1190 kg-m > (Petracek and Bukovac 1995).
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Fig. 5. Effect of submerging mature ‘Sweetheart’ sweet cherry fruit in deionized water or in 50 mM CaCl,. (A-D) Representative fluorescent micro-
graphs of the stylar scar region of sweet cherry fruit before (A, C) and after 4 h of incubation (B, D) in deionized water (A, B) or 50 mM CaCl,
(C, D). Fruit were incubated for 10 min in the fluorescent dye acridine orange to identify microcracks in the cuticle. Dye penetration is limited to mi-
crocracks. An intact cuticle is impermeable to the dye. Scale bar in D equals 2 mm. (E—G) Formation of microscopic cracks as indexed by the area in-
filtrated with acridine orange before and after incubation in deionized water (E) or CaCl, (F). (G) Increase in microcrack formation during the
incubation. The relative increase in infiltrated area was calculated by dividing the difference between the areas infiltrated after and before incubation

by the area infiltrated before incubation.

cracking (i.e., fruit surface wet)—regardless of whether the
CaCl, was sprayed on during simulated rainfall or applied di-
rectly to the fruit using incubation solutions—cracking decreased
significantly, even for very low Ca concentrations. The difference
between CaCl, applied to a dry fruit surface and the latter two
cases with CaCl, presented to a wet fruit surface (by spraying on
a wet surface or by incubation) is that in the latter, the Ca ions
were in direct contact with the cell walls as cracking occurred or
cracks extended. Previous studies demonstrated that surface
moisture exacerbates microcracking (Knoche and Peschel 2006)
and microcracks develop into macrocracks by lateral and radial
extension (Schumann et al. 2019). Based on these observations,
we inferred that Ca acts directly on the new and extending cracks.

Mode of action of Ca in reducing cracking of sweet cherry fruit
In the next section, we describe how we used the Zipper
model (Briggenwirth and Knoche 2017; Schumann et al.

J. AMER. Soc. Hort. Sc1. 149(2):61-74. 2024.

2019) to discuss how Ca ions affect the individual processes
that ultimately result in cracking of sweet cherry fruit (Fig. 10).

No effect of CaCl, on cuticle deposition

Our experiments demonstrated that nine sprays of 50 mM
CaCl, between stage II and mature stage III had no effect on cu-
ticle deposition. The lack of an effect on cuticle deposition also
excluded potential effects on cuticle strain (Khanal et al. 2014).
The absence of an effect of Ca on cuticle deposition was consis-
tent with the following findings. First, cuticle deposition in sweet
cherry is limited to stage I and stage II development (Alkio et al.
2012; Grimm et al. 2012; Peschel et al. 2007). Additionally, dur-
ing a comparison of 31 sweet cherry genotypes, there was no ge-
netic variation in the pattern of cuticle formation (Peschel and
Knoche 2012). Second, there was no evidence from any of the
recent reviews that Ca plays a role in cuticle formation or affects
cuticle deposition (Lara et al. 2014, 2019; Martin and Rose
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Fig. 6. Effect of submerging mature ‘Sweetheart’ sweet cherry fruit in deionized water or 50 mM CaCl, for 2, 4, 8, or 24 h on microcracking of the cuticle.
(A) Cumulative length of microcracks after incubation, (B) the change in the cumulative length of microcracks during incubation, (C) the length per micro-
crack after incubation, (D) the change in length per microcrack during incubation, (E) the number of microcracks after incubation, and (F) the change in the

number of microcracks during incubation. Data for the control for 24 h were

excluded because all fruit of this treatment severely cracked during incubation.

Data points represent individual fruit. Because the y-axis intercept did not differ significantly from zero, regression lines in B, D, and F were forced through

the origin.

2014; Yeats and Rose 2013). The only exception occurred dur-
ing a study by Correia et al. (2020), who reported a 50% in-
crease in cuticle thickness (from 2.5 pm to 3.8 wm) within 4 d
of CaCl, spraying. These findings are difficult to explain and
may be artefactual because cuticle deposition would have ceased
at the developmental stage of that study because of downregula-
tion of the genes involved in cutin and wax formation and depo-
sition (Alkio et al. 2012). The very rapid change in cuticle
thickness was also surprising because CaCl, penetration is slow
(Winkler and Knoche 2021a, 2021b). Finally, the cuticle thick-
ness estimates of Correia et al. (2020) were unusually high in both
the sprayed and control fruit. Previous studies reported much thin-
ner cuticles in sweet cherry, which usually fall within the range of
0.71 um (thin, ‘Rainier’) to 1.34 wm (thick, ‘Kordia’) (Peschel and
Knoche 2012). Whether Ca salts applied during stage I have an ef-
fect on cuticle deposition is currently unknown.

Ca counteracts the effect of malic acid

The absence of a marked effect of CaCl, on anthocyanin
leakage in the absence of malic acid revealed that Ca had little
or no effect on membrane permeability. Because the solutions
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were osmotically buffered, cell wall strength was not probed
during this experiment.

However, when flesh discs were incubated in malic acid, an-
thocyanin leakage increased markedly. Increasing the Ca con-
centration decreased the leakage, indicating that the damaging
effects of malic acid were mitigated by Ca. Malic acid is a major
osmolyte in sweet cherry juice and released from the vacuole
into the apoplast when cells burst (Martin and Rose 2014; Simon
1977). When in the apoplast, malic acid increases the membrane
permeability of adjacent cells and—in the absence of osmotic
buffering—weakens the cell walls, causing a chain reaction dur-
ing which the initial cell damage spreads to adjacent cells
(Fig. 10) (Winkler et al. 2015). Winkler et al. (2015) attributed
the weakening effect of malic acid to the following: (1) the
cleavage of neutral sugar side chains of cell wall pectin that
weakens the cross-linking between the cellulosic cell wall and
pectins (Brummell 2006); (2) pH-dependent activation of poly-
galacturonases (Chun and Huber 1998); and/or (3) desorption
and complexing of cell wall-bound Ca** (Glenn and Poovaiah
1989). These effects are opposed by Ca, thereby slowing the
chain reaction that causes cell bursting to spread (Fig. 10).
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Fig. 7. Effect of the concentration of CaCl, on anthocyanin leakage from
the flesh disc of ‘Sweetheart’ sweet cherry fruit in the presence and ab-
sence of malic acid. All solutions were isotonic to the osmotic potential of
the juice of the flesh discs. Regression equations were as follows: sucrose +
70 mM malic acid + CaCl,: absorption = 1.089 — 0.006 x CaCl, (mM),
? = 036%**; sucrose + CaCl,; and absorption = 0.157 + 0.002 x CaCl, (mM),
17 = 0.32%%%,

Ca prevents crack extension

The Ca ions prevent crack extension when in direct
contact with the cell wall. This conclusion is supported by
several lines of evidence. First, when fruit with extending
macrocracks were submerged in CaCl,, the rate of macro-
crack extension was decreased, even at concentrations as low
as 1 mM. During this experiment, fruit had first been incu-
bated in water to induce macrocrack development; then, it
was selected for the uniform macrocrack length (approxi-
mately 4 mm). Thereafter, it was incubated in CaCl, solution.
Similarly, there was no extension of microcracks when fruit
surfaces were exposed to solutions containing CaCl,. Both
experiments indicated that the Ca ions had direct access to
the extending crack without the need for cuticular penetra-
tion. Thus, the experiment mimicked Ca spray applications to
wet fruit in the field or the incubation of fruit in a solution
containing Ca ions during an immersion assay.

Second, Ca gains very rapid entry through a microcrack, thus
bypassing the need for the much slower process of penetration
through the cuticle. Moreover, a microcrack also serves to focus
the incoming Ca on the site of action. In this way, much higher
concentrations of Ca will arrive in the exposed cell wall com-
pared with the slow process of cuticular penetration (Winkler
and Knoche 2021a). This understanding fits with our observation
that microcracking is greatly slowed when a fruit is incubated in
CaCl, and microcracking essentially stops.

Third, previous studies have demonstrated that macrocrack-
ing in sweet cherry occurs predominantly by the separation of
adjacent cells along the plane of their middle lamellae (Briiggen-
wirth and Knoche 2017), with the result that pectins are exposed
on the surfaces of an emerging macrocrack (Schumann et al.
2019). The dominant component of pectin is galacturonic acid
with a pK, of 3.5 (Kohn and Kovac 1978), which is of the same
order of magnitude as the pH of the sweet cherry fruit juice
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Fig. 8. Effect of the CaCl, concentration on crack extension in ‘Early Korvik’ and
‘Sam’ sweet cherry fruit. (A, B) Time course of crack extension during incubation
of ‘Early Korvik’ (A) or ‘Sam’ fruit (B) in CaCl, concentrations up to 100 mM.
(C) Initial rate of crack extension as a function of the CaCl, concentration.
The initial rate of crack extension was calculated with up to 2 h of incuba-
tion. A two-factorial analysis of variance revealed a significant main effect
for concentration and the two cultivars did not differ. Means followed by the
same lowercase letter do not differ significantly according to Tukey’s Studen-
tized range test (P = 0.05).

(Winkler et al. 2015). Upon bursting of cells of the outer meso-
carp (Grimm et al. 2019), this juice is leaking into the cell wall
space. At this pH, approximately half of the carboxyl groups of
the galacturonic acid will carry a negative charge; hence, it will

71

/0 y7/PuU-ou-Aq/sasua9l|/610 suowwodaAeaId//:sdny (/0 /Pu-ou-Agq/sasual|/Bi0° suowwodaAleald//:sdiy) asual|
AN-DN-AgG DD 8y} Jepun pajnguisip ajoie ssaooe uado ue si siy] "ssao0y uadQ eIA Z0-ZL-GZ0Z 1e /woo Alojoejqnd pold-awiid-yJewlayem-jpd-awnid//:sdny wouy papeojumoq



Table 4. Effect of incubating fruit of different cultivars of sweet
cherry in CaCl, on the initial rate of crack extension. The ini-
tial rate of crack extension was calculated for the time interval
from 0 to 2 h of incubation. Fruit was precracked to a crack
length of approximately 4 mm by incubation in deionized wa-
ter; thereafter, fruit were incubated in 0 or 50 mM CaCl,.
Crack extension was monitored by time-lapse photography and
image analysis.

Crack extension rate (mm-h™")

Cultivar 0 mM 50 mM Ratio
Burlat 240 + 031 0.09 + 0.03 26.9
Early Korvik 237 £0.25 0.29 + 0.06 8.1
Gill Peck 3.23 +£0.32 0.73 £ 0.15 4.4
Kordia 222 +0.26 0.25 + 0.05 8.9
Merchant 3.88 £ 0.31 0.68 = 0.15 5.7
Sam 3.10 £ 0.21 0.94 + 0.14 33
Grand mean 2.87 £0.26 0.50 £ 0.14 9.5

' Data are presented as mean + SE. All pairwise comparisons be-
tween 0 and 50 mM CaCl, treatments are significant according to
the Studentized ¢ test at P = 0.05.

serve as an effective sorbent for the Ca cation. Any dilution of
the acidic juice in the cell wall space that would occur during
rain or incubation would increase the pH and, hence, would in-
crease the charge density, but it would also dilute the Ca dose re-
tained. Under these conditions, Ca would bind to the negative
charges, thereby crosslinking the cell wall constituents, particu-
larly in the pectin middle lamellae, resulting in increased cell—
cell adhesion.

Fourth, during macrocracking, stresses will concentrate at the
crack tip, thereby promoting crack propagation (Briggenwirth
and Knoche 2017; Schumann et al. 2019). Increased cell—cell ad-
hesion at this site is of utmost importance in slowing macrocrack
extension, thus effectively jamming the Zipper.

These arguments demonstrate that the beneficial effects of Ca
on fruit cracking can be expected if Ca reaches a critical concen-
tration in the cell wall at the tip of a microcrack that then devel-
ops into a macrocrack, which then begins to propagate (“run”
This is unlikely the case after applying Ca sprays to a dry fruit
surface or following the more general and slower cuticular
penetration.

Effect of Ca on mechanical properties

The direct incubation of epidermal segments in solutions con-
taining CaCl, increased the strength of the skin as indexed by in-
creases in both stiffness and fracture force (Fig. 10). In this case,
the Ca ions had direct access to the cell walls. The dilution of Ca
caused by slow cuticle penetration—as would be the case after
spray applications on a dry fruit surface—was not a factor. Thus,
the direct access of Ca to the exposed cell walls was identical in
a spray application on a wet surface or fruit immersion in a
CaCl, solution.

The effects of CaCl, on stiffness and fracture force are
consistent with those reported previously (Briiggenwirth and
Knoche 2017; Schumann et al. 2022). They are accounted for
by the crosslinking of cell wall constituents (primarily pec-
tins), as discussed. The increased crosslinking results in in-
creased cell-cell adhesion. The following are indicative of
increased adhesion. The first is the decreased cell wall swell-
ing that we observed with Ca in nonturgid, flaccid cells in
this and our previous studies (Briiggenwirth and Knoche
2017; Schumann et al. 2022). In intact (turgid) cells, the tur-
gor compresses the cell walls, and this compression is suffi-
cient to prevent cell wall swelling (Schumann and Knoche
2020). The second is a progressive change in fracture mode,
from fractures “along” the cell walls to “across” the cell walls
(Bruggenwirth and Knoche 2017). The third is the change in
micromorphology of cracks reported when sweet cherries
were incubated in solutions of the trivalent FeCls. Cracks in
the presence of ferric cations (with three positive charges)
were shallow and superficial and did not extend into the un-
derlying epidermal cells, as was the case in the water control
(Weichert et al. 2004). Furthermore, cracking was markedly
reduced when incubating fruit in solutions of FeCl; and
CaCl, (Weichert et al. 2004).

In conclusion, multiple applications of CaCl, (and most
likely of other Ca salts, too) may effectively increase the Ca
dry mass ratio, but they may not effectively decrease fruit
macrocracking. To be effective in reducing macrocracking,
the Ca ions must come into direct contact with an extending
microcrack that later deepens and develops into a macrocrack
and begins to propagate. This response requires direct contact
between the cell wall and the Ca solution—for example, in
the case of spray application of Ca to a fruit surface that is

Table 5. Effects of CaCl,, malic acid, and combinations of CaCl, and malic acid on the swelling of cell walls of epidermal cells of mature
‘Staccato’ sweet cherry. Cell wall thickness was determined before (‘+ turgor’) and after (‘— turgor’) a freeze—thaw cycle. The freeze—
thaw cycle removed turgor and allowed cell walls to swell. The amount of swelling (‘A Thickness) was calculated as the thickness of
swollen cell walls (without turgor) minus that of nonswollen cell walls (with turgor).

Thickness (pm)

Expt. Treatment + turgor — turgor AThickness (pm)
CaCl, Control 43+0.1 a 73+02b 3.0+ 0.2

50 mM CacCl, 44+0.1a 63+02a 1.9+0.2

100 mM CacCl, 45+02a 6.4+0.1a 1.9+0.2
Malic acid Control 42+0.1a 70+02a 28 +0.2

50 mM malic acid 43+0.1a 133+04Db 9.0+ 04

100 mM malic acid 43+02a 154+ 06¢ 11.1 £ 0.7
CaCl, + malic acid 25 mM CaCl, + 25 mM malic acid 42+02a 11.5+04b 73 +£0.5

25 mM CaCl, + 50 mM malic acid 40+0.1a 136+05a 9.6 £ 0.5

50 mM CaCl2 + 25 mM malic acid 40+02a 92+03c¢c 52+0.3

! Mean separation within columns and within experiments by Tukey’s Studentized range test (P = 0.05).
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Fig. 9. Effect of CaCl, at concentrations up to 100 mM on cell wall thickness (A)
and the mechanical properties in biaxial tensile tests of the skin of mature ‘Burlat’
sweet cherry fruit (B, C) or its fracture mode. The mechanical properties were in-
dexed by the modulus of elasticity (E) (B), the pressure at fracture (Pgacture) (C),
and the strain at fracture (€gacnre) (C, inset). The fracture mode was quantified as
the percentage of cells that fractured along their anticlinal cell walls (D). Inset in
D: Fracture mode as a function of cell wall thickness. Cell wall swelling, me-
chanical properties, and fracture mode were determined on the same batch of fruit.
Cell wall thickness was determined before (‘+ turgor’) and after (‘— turgor’) a
freeze-thaw cycle. The freeze-thaw cycle removed turgor and allowed cell walls
to swell. Data were subjected to an analysis of variance. Data symbols followed
by the same lowercase letter were not significantly different according to Tukey’s
Studentized range test (P = 0.05). Where no letters are shown, effects were
not significant.
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Mode of action of Ca in jamming the zipper
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Fig. 10. Sketch illustrating the sequence of events of rain-cracking of sweet
cherry fruit as described by the Zipper model and the effects of Ca [Schumann
et al. (2019) (modified)]. Processes that are affected by Ca are indicated by the
box.

still wet from rain. Only then will Ca ions jam the Zipper by in-
creasing cell—ell adhesion, increasing cell wall stiffness, reducing
membrane leakage, and decreasing cell wall swelling.
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